The dorsal striatum receives converging excitatory inputs from diverse brain regions, including the cerebral cortex and the intralaminar/ midline thalamic nuclei, and mediates learning processes contributing to instrumental motor actions. However, the roles of each striatal input pathway in these learning processes remain uncertain. We developed a novel strategy to target specific neural pathways and applied this strategy for studying behavioral roles of the pathway originating from the parafascicular nucleus (PF) and projecting to the dorsolateral striatum. A highly efficient retrograde gene transfer vector encoding the recombinant immunotoxin (IT) receptor was injected into the dorsolateral striatum in mice to express the receptor in neurons innervating the striatum. IT treatment into the PF of the vector-injected animals caused a selective elimination of neurons of the PF-derived thalamostriatal pathway. The elimination of this pathway impaired the response selection accuracy and delayed the motor response in the acquisition of a visual cue-dependent discrimination task. When the pathway elimination was induced after learning acquisition, it disturbed the response accuracy in the task performance with no apparent change in the response time. The elimination did not influence spontaneous locomotion, methamphetamine-induced hyperactivity, and motor skill learning that demand the function of the dorsal striatum. These results demonstrate that thalamostriatal projection derived from the PF plays essential roles in the acquisition and execution of discrimination learning in response to sensory stimulus. The temporal difference in the pathway requirement for visual discrimination suggests a stage-specific role of thalamostriatal pathway in the modulation of response time of learned motor actions.
Introduction
The dorsal striatum in basal ganglia circuitry is the principal structure that mediates learning processes contributing to instrumental motor actions (Knowlton et al., 1996; Hikosaka et al., 2002; Graybiel, 2005; Doyon et al., 2009) . Neuronal activity in the dorsal striatum undergoes dynamic changes during the acquisition of instrumental conditioning (Tremblay et al., 1998; Jog et al., 1999; Pasupathy and Miller, 2005) . Accumulating evidence from lesion and pharmacological studies indicates the important roles of the dorsal striatum in different paradigms for goaldirected and habitual actions (Packard and Knowlton, 2002; Balleine et al., 2009) , along with the functional heterogeneity in the dorsolateral and dorsomedial subdivisions of the striatum for these behaviors (Rogers et al., 2001; Yin et al., 2004 Yin et al., , 2006 Yin, 2010) . Anatomically, the striatum receives converging excitatory inputs from many cortical areas and the intralaminar/midline thalamic nuclei and projects to the basal ganglia output nuclei, which form the feedback loop to the cortical areas via various thalamic nuclei (Alexander and Crutcher, 1990; DeLong, 1990; Parent and Hazrati, 1995) .
The intralaminar thalamic nuclei contain multiple nuclear groups, including the centromedian nucleus (CM) and the parafascicular nucleus (PF) in primates or the PF in rodents (Smith et al., 2004 (Smith et al., , 2009 . These groups provide the major sources of thalamostriatal inputs and extend innervations to specific subdivisions of the striatum (Berendse and Groenewegen, 1990; François et al., 1991) . Studies with single-unit recording and pharmacological inhibition of neural activity suggest that the CM/PF neurons in monkeys participate in the processes of attention and arousal triggered by sensory events (Matsumoto et al., 2001 ; Minamimoto and Kimura, 2002; Kimura et al., 2004) .
Studies on the behavioral role of the intralaminar thalamic nuclei in rodents have been performed by the use of several types of memory and learning paradigms (Burk and Mair, 1998; Massanés-Rotger et al., 1998; Mair et al., 2002) . However, little is known about the specific roles of the thalamostriatal pathways derived from the intralaminar nuclear groups in the behavioral processes linked to basal ganglia function.
We addressed the roles of the thalamostriatal pathway in learning processes, focusing on the neural pathway arising from the PF and innervating the dorsolateral striatum in mice. We applied immunotoxin (IT)-mediated cell targeting, which is a genetic approach to ablate specific cell types from a complex neural circuitry (Kobayashi et al., 1995; Sano et al., 2003; Yasoshima et al., 2005) , for selective elimination of neural pathways in the brain. Human interleukin-2 receptor ␣-subunit (IL-2R␣), a receptor molecule for the recombinant IT, was expressed in the neurons innervating the striatum in mice by using a highly efficient retrograde gene transfer (HiRet) vector (Kato et al., 2011) . Treatment of the PF with IT in the HiRet vector-injected animals induced a selective, efficient elimination of the thalamostriatal pathway. We tested the behavioral consequence of this pathwayspecific elimination with different paradigms that require the function of the dorsal striatum. Our results demonstrate the roles of the thalamostriatal pathway derived from the PF in the acquisition and performance of a visually cued discrimination task.
Materials and Methods
Animals. Male C57BL/6J mice at the age of 8 -12 weeks were used in the present study. The mice were maintained at 22 Ϯ 2°C, 60% humidity, and a 12 h light/dark cycle with food and water available ad libitum. For operant conditioning tasks, food feeding was controlled to maintain the mice at 85% of their ad libitum weight. Animal care and handling procedures were conducted in accordance with the guidelines established by the Experimental Animal Center of Fukushima Medical University.
Viral vector preparation. Fusion glycoprotein B type (FuG-B) was composed of the extracellular and transmembrane domains of the glycoprotein derived from the rabies virus challenged virus standard (CVS) strain and the cytoplasmic domain of the vesicular stomatitis virus glycoprotein (Kato et al., 2011) . A part containing the domains of the rabies virus glycoprotein in FuG-B cDNA was exchanged with the corresponding part derived from the rabies virus Pasteur virus (PV) strain (termed FuG-B2). The envelope plasmid for the HiRet vector contained FuG-B or FuG-B2 cDNA under the control of cytomegalovirus enhancer/chicken ␤-actin promoter (pCAGGS-FuG-B or pCAGGS-FuG-B2). The transfer plasmids contained the cDNA encoding enhanced green fluorescent protein (GFP) or IL-2R␣ fused to GFP (IL-2R␣-GFP) downstream of the murine stem cell virus promoter.
DNA transfection and viral vector preparation were performed as described previously (Hanawa et al., 2002 (Hanawa et al., , 2004 with some modifications. HEK293T cells were transfected with transfer, envelope, and packaging plasmids by the calcium phosphate precipitation method. Viral vector particles were pelleted by centrifugation at 6000 ϫ g for 16 -18 h and resuspended in PBS. The particles were then applied to a Sepharose Q FF ion-exchange column (GE Healthcare) in PBS and eluted with a linear 0.0 -1.5 M NaCl gradient. The fractions were monitored at absorbance 260/280 nm. The peak fractions containing the particles were collected and concentrated by centrifugation through a Vivaspin filter (Vivascience). Proper concentrations of viral vectors were used for transduction of HEK293T cells, and functional titer (transduction unit) was measured by flow cytometry (FACSCalibur; BD Biosciences). For determination of the RNA titer, viral RNA in vector preparations was isolated with a NucleoSpin RNA virus kit (Clontech), and the copy number of the RNA genome was determined by using a Lenti-X quantitative reverse transcription (qRT)-PCR titration kit (Clontech). PCR amplification was performed on duplicate samples by using a StepOne real-time PCR system (Applied Biosystems) under the following conditions: one cycle of 95°C for 3 min; and 40 cycles of 95°C for 15 s and 54°C for 1 min.
Intracranial surgery. Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and vectors were introduced into the dorsolateral region of the striatum (1.0 l/site, four sites) through a glass microinjection capillary connected to a microinfusion pump (ESP-32; Eicom). The functional titers of the vector solution were 2.0 ϫ 10 9 transduction units/ml for the HiRet-IL-2R␣-GFP vector and 1.0 ϫ 10 9 transduction units/ml for the HiRet-GFP vector. The functional titers were adjusted to achieve a similar level of gene transfer efficiency into the PF between these two vectors. The anteroposterior, mediolateral, and dorsoventral coordinates from bregma and dura were as follows (in mm): 1.0/2.5/2.0 (site 1), 1.0/2.5/2.7 (site 2), 0/2.0/2.0 (site 3), and 0/2.0/2.7 (site 4) according to an atlas of the mouse brain (Paxinos and Franklin, 2001) . Injection was performed at a constant flow rate of 0.2 l/min.
For IT injection, anti-Tac(Fv)-PE38 (Kreitman et al., 1994) was diluted to a final concentration of 80 g/ml in PBS containing 0.1% mouse serum albumin. The IT solution or PBS was injected at a constant flow speed of 0.2 l/min into the PF (0.4 l/site, two sites) through a glass micropipette connected to the microinfusion pump. The anteroposterior, mediolateral, and dorsoventral coordinates from bregma and dura were as follows (in mm): Ϫ2.1/0.7/3.0 (site 1) and Ϫ2.4/0.7/3.0 (site 2).
For retrograde axonal labeling, cholera toxin subunit B conjugated to Alexa Fluor 555 (Invitrogen) was dissolved in a final concentration of 0.2 mg/ml in PBS. Solution containing the conjugated cholera toxin subunit B was injected at a constant velocity of 0.1 l/min into the dorsolateral striatum (0.5 l/site, four sites) with the microinfusion pump by using the same coordinates as used for the vector injection. For anterograde axonal labeling, solution containing 10% biotinylated dextran amine (BDA) (molecular weight, 10,000; Invitrogen) was injected into the PF (0.1 l/site, one site) by using the following coordinates (in mm): anteroposterior, Ϫ2.2; mediolateral, 0.7; and dorsoventral, 3.0 from bregma and dura at a constant velocity of 0.025 l/min.
Histology. Mice were anesthetized with sodium pentobarbital and perfused transcardially with PBS followed by fixation with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Sections (30 m thick) were incubated with a primary antibody for GFP (rabbit, 1:2000; Invitrogen) and then with a biotinylated secondary antibody (anti-rabbit IgG, 1:500; Jackson ImmunoResearch). The immunoreactive signals were visualized by use of a Vectastain Elite ABC kit (Vector Laboratories) with 3,3Ј-diaminobenzide tetrahydrochloride/H 2 O 2 as a chromogen. For double fluorescence detection of GFP expression and cholera toxin subunit B labeling, sections were incubated with anti-GFP antibody (rabbit, 1:2000) and then with a secondary antibody conjugated to fluorescein isothiocyanate (anti-rabbit IgG, 1:500; Jackson ImmunoResearch). Fluorescent images were taken under a confocal laser-scanning microscope equipped with proper filter cube specifications. For anterograde axonal labeling, the BDA signals were visualized with the Vectastain Elite ABC kit and nickel ammonium sulfate. For cell counts, a series of sections through the PF were used for immunostaining. The number of stained cells was counted with a computer-assisted imaging program (NIH Image 1.62). Eight to 10 sections obtained from individual animals were used for cell counts, and the average per section was calculated.
Behavioral analysis. Locomotor activity was measured with a movement analyzer equipped with photobeam sensors (SV-10; Toyo Sangyou). The number of beam breaks was counted for every 5 min session. The total number of beam breaks in a 30 min test period was calculated to evaluate the spontaneous locomotor activity during the pretreatment (sessions Ϫ6 to Ϫ1) and the drug-induced locomotor activity after methamphetamine (METH) treatment (sessions 2-7).
For the rotarod test, mice were placed on an accelerating rotarod (ENV-575M; Med Associates), and the rotation speed was increased from 4 to 40 rpm over 3 s in each trial. The mice were trained three trials per day with a 30 min intertrial interval for 3 consecutive days. The time that each mouse maintained its balance on the rotating rod was measured as latency to fall.
The two-choice reaction time, simple reaction time, and progressive ratio tasks were conducted in an operant chamber (21.6 ϫ 17.8 ϫ 12.7 cm) equipped with a pellet receptacle in the center of a front panel (ENV-307W; Med Associates). Two retractable levers were mounted at either side of the receptacle, and a stimulus light was placed above each lever. The chamber was enclosed in a sound-attenuating box and illuminated with a house light during the trials. The mice were shaped to press the levers to obtain the delivery of a 20 mg food pellet (Bioserv Biotechnologies).
For the two-choice reaction time task, the conditioning schedule was composed of three continuous phases. In the first phase, the mice were trained to press one of the two levers (left or right) randomly presented for food pellet delivery. In the second phase, the animals were reinforced to press the lever used for training during the first phase within 5 s after the initiation of lever presentation. For the third phase, the two levers were presented at the same time and either of the levers was randomly illuminated with the stimulus light. The mice were required to press the lever on the illuminated side for the reward within a 5 s test period after the onset of lever presentation. If the lever-press responses were emitted, the lever was retracted and the trial was terminated. The initiation of each trial was signaled by a 3 s acoustic stimulus, and the intertrial interval was 20 s. Each session was ended when 40 rewards were earned or when 30 min had elapsed. When the mice earned 150 rewards in the first phase, they advanced to the second phase. When the mice earned the same number of rewards during the second phase, they moved to the third phase.
For the simple reaction time task, the conditioning schedule consisted of two serial phases. In the first phase, only one lever illuminated by the stimulus light was presented and mice were trained to press the lever contingent on food delivery. In the second phase, the mice were reinforced to press the lever within a 5 s test period after the lever presentation. If the lever-press responses were evoked, the lever was retracted and the trial was terminated. The initiation of each trial was signaled by a 3 s acoustic stimulus, and the intertrial interval was 20 s. Each session was ended when 40 rewards were earned or when 30 min had elapsed. When the mice earned 150 rewards during the first phase, they advanced to the second phase.
For the progressive ratio task, mice were trained by using a fixed ratio 1 schedule for four consecutive daily sessions and then a fixed ratio 4 schedule for six consecutive daily sessions. In the fixed ratio 1 schedule, each lever press was reinforced with the delivery of a food pellet, and in the fixed ratio 4 schedule, every fourth lever press was reinforced by the same reward. Each session lasted 30 min. The mice were tested to make a criterion number of lever presses for the food delivery. The criterion was set at two lever presses for the first trial and then doubled with each successive trial. A test session ended after 2 h or when the mice had made no response during a 3 min period.
Statistical analysis. For statistical comparisons, the ANOVA, the post hoc Bonferroni's test, and Student's t test were used with significance set at p Ͻ 0.05. All values were expressed as the mean Ϯ SEM of the data.
Results

HiRet vector drives gene expression in striatal input pathways
We developed a novel strategy for conditional targeting of specific neural pathways in the brain and used this strategy for selective elimination of the thalamostriatal pathway ( Fig. 1 A) . First, the HiRet vector encoding human IL-2R␣ is injected into the dorsolateral striatum to express the receptor in the neural pathways innervating the striatum. The HiRet vector is a pseudotype of human immunodeficiency virus type 1-based vector with FuG-B consisting of the extracellular and transmembrane domains of rabies virus glycoprotein and the cytoplasmic domain of vesicular stomatitis virus glycoprotein. This vector enables highly efficient delivery of a transgene into neurons through retrograde axonal transport (Kato et al., 2011) . Subsequently, the PF of the HiRet vector-injected animals is treated with the recombinant IT. IT recognizes the neurons harboring IL-2R␣ and induces selective removal of the targeted neural pathway.
In the present study, we produced the HiRet vector pseudotyped with a variant of FuG-B (termed FuG-B2), in which the extracellular and transmembrane domains of the glycoprotein derived from the rabies virus CVS strain were replaced by the counterparts of the glycoprotein derived from the rabies virus PV strain. We compared the property of the HiRet vectors pseudotyped with FuG-B and FuG-B2, encoding IL-2R␣-GFP as a transgene. The functional titer (transduction unit) in vector preparations was measured by flow cytometry (Fig. 1 B 1 ). The titer of the FuG-B2-pseudotyped vector was increased to 2.4 times greater than that of the FuG-B pseudotype (t (6) ϭ 2.76, p Ͻ 0.05). The RNA titer in vector preparations, which represents the concentration of physical particles of the vector, was determined by qRT-PCR analysis ( Fig. 1 B 2 ). The RNA titer showed no significant difference between the FuG-B and FuG-B2 pseudotypes (t (6) ϭ 0.34, p ϭ 0.75). The FuG-B2-pseusdotyped vector thus improved efficiency of gene transduction with no apparent influence on the yield of vector particles. To evaluate the in vivo gene transfer through retrograde transport, we injected the vector pseudotyped with FuG-B or FuG-B2 with an equivalent RNA titer of 1.2 ϫ 10 10 copies/ml (1.0 l at four sites) into the dorsolateral striatum of mice. Sections through the PF were immunostained with anti-GFP antibody, and the number of GFP-positive cells was counted. This number was elevated in the FuG-B2 pseudotype-treated striatum above that in the FuG-B pseudotype-treated one (t (6) ϭ 2.71, p Ͻ 0.05), showing a 1.3-fold elevation (Fig. 1C ). These results demonstrate that the FuG-B2 pseudotype enhanced not only the gene transfection of cultured cells but also the in vivo gene transfer through retrograde transport. We thus used the HiRet vector with this new fusion glycoprotein for subsequent experiments.
To induce the expression of human IL-2R␣ in the thalamostriatal pathway arising from the PF and innervating the dorsolateral striatum, we injected the HiRet vector encoding human IL-2R␣-GFP (HiRet-IL-2R␣-GFP, 2.0 ϫ 10 9 transduction units/ml) into the striatum of mice by stereotaxic surgery and prepared brain sections at 5 weeks after the viral injection. GFP immunohistochemistry of sections through the striatum showed that the vectors had transduced neurons in a large area covering the dorsolateral striatum (Fig. 2 A) . Cresyl violet staining and immunostaining for the neuronal marker NeuN indicated no cell damage on the injected side of the striatum (Fig. 2 B) . GFP immunohistochemistry of sections through the primary motor cortex (M1), the primary somatosensory cortex (S1), the substantia nigra pars compacta (SNc), and the PF revealed IL-2R␣-GFP expression in these brain regions that had occurred via retrograde transport (Fig. 2C) . To estimate the efficiency of retrograde gene transfer into the PF, we injected the retrograde tracer cholera toxin subunit B conjugated to Alexa Fluor 555 into the dorsolateral striatum of the HiRet-IL-2R␣-GFP vector-injected mice and then performed double fluorescence histochemistry (Fig. 2 D) . Expression of the transgene was detected in the majority of PF neurons labeled by cholera toxin subunit B (82.8 Ϯ 2.2%, n ϭ 3).
IT treatment selectively eliminates thalamostriatal pathway
Mice received a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector, and 5 weeks later they were unilaterally injected with IT or PBS into the PF by stereotaxic surgery. On day 7 after IT/PBS treatment, the brains were processed, and sections were prepared for histochemistry. Sections through the PF were stained by GFP immunohistochemistry, and the number of GFPpositive cells was then counted (Fig. 3A 1 ) . Evidence for a loss of immunopositive cells was found only on the IT-treated side of the HiRet-IL-2R␣-GFP vector-injected mice. One-way ANOVA showed a significant difference among the four mouse groups (F (1,12) ϭ 116.75, p Ͻ 0.001), and the cell number of the HiRet-IL-2R␣-GFP/IT group was remarkably reduced compared with that of each of the HiRet-GFP/PBS, HiRet-GFP/IT, and HiRet-IL-2R␣-GFP/PBS groups ( p Ͻ 0.001, Bonferroni's test). Cresyl violet staining of the PF sections indicated no grossly visible tissue damage on the IT-treated side (Fig. 3A 2 ) . GFP immunohistochemistry showed a normal localization of immunopositive cells in the M1, S1, and SNc on the IT-treated side (Fig. 3A 3 ) , indicating intactness of the corticostriatal and nigrostriatal pathways. In addition, GFP immunostaining on the same side also displayed a normal distribution of immunopositive cells in the central lateral nucleus (CL), which is another nucleus innervating the dorsolateral striatum in the intralaminar thalamic nuclear complex (Fig.  3A 4 ). The data indicate that the CL-derived thalamostriatal pathway was unaffected by the IT injection. To examine the distribution of synaptic terminals arising from the PF, we performed anterograde axonal tracing by injecting BDA into the PF of the HiRet-IL-2R␣-GFP vector-injected mice, in which the PF region was unilaterally treated with IT or PBS. BDA staining revealed a large number of the labeled synaptic terminals in the dorsolateral striatum on the PBS-treated side, whereas the number of the terminals on the IT-treated side was profoundly decreased (Fig. 3B ). These results demonstrate that the IT treatment caused a selective elimination of the PF-derived thalamostriatal pathway in the HiRet-IL-2R␣-GFP vectorinjected animals.
We investigated the time course of cell elimination after IT treatment. Mice that had received an injection of the HiRet-IL-2R␣-GFP vector were unilaterally injected with PBS or IT into the PF. Sections were prepared on different days after the treatment and used for GFP immunostaining (Fig. 3C) . The number of GFP-positive cells displayed a significant difference between the two groups (group effect, F (1,6) ϭ 80.73, p Ͻ 0.001; day effect, F (4,24) ϭ 11.55, p Ͻ 0.001; group ϫ day interaction, F (4,24) ϭ 10.73, p Ͻ 0.001, two-way ANOVA), showing a gradual reduction in the IT-treated group ( p Ͻ 0.001, Bonferroni's test). The cell number in this group reached a plateau by day 7, and the reduced number was still sustained by day 9.
Thalamostriatal elimination does not alter locomotion and motor skill learning
The dorsal striatum is involved in spontaneous locomotion and motor activation in response to systemic administration of drugs that stimulate dopamine release (Costall et al., 1976; Coyle and Schwarcz, 1976) . We tested the motor functions of mice that lacked the thalamostriatal pathway arising from the PF. Mice were given an injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their dorsolateral striatum and then were injected with IT or PBS solution into the PF. On day 7 after the IT/PBS injection, the mice underwent behavioral analysis. We monitored spontaneous locomotion and motor activation after administration of METH (4 mg/kg, i.c.) in the open field (Fig. 4 A) . Neither spontaneous locomotor activity (30 min) nor METH-induced locomotor activity (30 min) displayed a marked difference among the HiRet-IL-2R␣-GFP and HiRet-GFP vector-injected mice that received IT or PBS treatment (F (3,24) ϭ 0.59, p ϭ 0.63 for spontaneous locomotor activity; F (3,24) ϭ 0.18, p ϭ 0.91 for METH-induced locomotor activity, one-way ANOVA). In addition, a previous study using excitotoxic lesions revealed that the dorsal striatum is necessary for the acquisition of motor skill learning (Yin et al., 2009 ). So we explored this type of learning by using an accelerating rotarod, and the time that each mouse maintained its balance on the rotating rod was measured as latency to fall (Fig. 4 B) . The latency gradually increased along with the trial number similarly among the HiRet-IL-2R␣-GFP and HiRet-GFP vector-injected mice treated with IT or PBS (group effect, F (3,27) ϭ 0.03, p ϭ 0.99; trial effect, F (8,216) ϭ 24.73, p Ͻ 0.001; group ϫ trial interaction, F (24,216) ϭ 0.31, p ϭ 1.00, ANOVA with repeated measures). Therefore, elimination of the thalamostriatal pathway in the HiRet-IL-2R␣-GFP vectorinjected group after IT treatment did not alter spontaneous and drug-induced locomotion or motor skill learning that require the dorsal striatum.
Thalamostriatal ablation disturbs visual discrimination
Excitotoxic lesions of neurons in the dorsal striatum impair the choice accuracy of motor responses and reduce the response rate in conditional discrimination (Brown and Robbins, 1989; McDonald, 2004, 2005) . To address the roles of the thalamostriatal pathway in discrimination learning, we used a two-choice reaction time task dependent on visual stimulus (Lee et al., 2002) . In this task, two levers were presented at the same time and one of the levers was randomly illuminated by a stimulus light. Animals learned to press the lever on the illuminated side within a 5 s test period after the onset of lever presentation contingent on the delivery of food pellets. First, we examined the behavioral consequence of selective elimination of the thalamostriatal pathway in the acquisition of this task. Mice were given an injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their dorsolateral striatum and then injected with IT or PBS solution into their PF. On day 7 after the IT/PBS treatment, the mice started the conditioning schedule for the two-choice reaction time task. A lever press on the illuminated side within 5 s was defined as a "correct response," whereas a lever press on the side that was not illuminated was defined as an "error response." When the mice did not make a choice within 5 s, the trial was counted as an "omission response." The correct response ratio was the percentage of the number of correct responses divided by the total number of correct and error responses, and the omission ratio was the percentage of the number of omission responses divided by the total trial number. The correct response ratio, correct response time, and omission ratio in each session block comprising five serial sessions were calculated. The correct response ratio was elevated along with increasing session blocks and showed a significant difference among the four mouse groups ( Fig. 5A; group effect, F (3,43) ϭ 6.19, p Ͻ 0.005; session block effect, F (9,387) ϭ 42.1, p Ͻ 0.001; group ϫ session block interaction, F (27,387) ϭ 2.49, p Ͻ 0.001, ANOVA with repeated measures). The elevation of the correct response ratio was remarkably impaired in the HiRet-IL-2R␣-GFP/IT group compared with each of the HiRet-GFP/PBS, HiRet-GFP/IT, and HiRet-IL-2R␣-GFP/PBS groups ( p Ͻ 0.05, Bonferroni's test). The correct response time also exhibited a significant difference among the four groups ( Fig. 5B; group effect, F (3,43) ϭ 6.38, p Ͻ 0.005; session block effect, F (9,387) ϭ 1.79, p ϭ 0.07; group ϫ session block interaction, F (27,387) ϭ 1.01, p ϭ 0.45, ANOVA with repeated measures), showing a moderate lengthening in the HiRet-IL-2R␣-GFP/IT group compared with each of the three other groups ( p Ͻ 0.05, Bonferroni's test.). In addition, the omission ratio also revealed a significant difference among the four groups ( Fig. 5C ; group effect, F (3,43) ϭ 6.62, p Ͻ 0.005; session block effect, F (9,387) ϭ 0.77, p ϭ 0.64; group ϫ session block interaction, F (27,387) ϭ 1.55, p Ͻ 0.05, ANOVA with repeated measures), being slightly but significantly increased in the HiRet-IL-2R␣-GFP/IT group (p Ͻ 0.05, Bonferroni's test). These data indicate that the selective elimination of the thalamostriatal pathway impaired the accuracy of response selection and delayed the motor response during the formation of visual discrimination.
To explore the impact of thalamostriatal elimination on the performance of the visual two-choice reaction time task, we eliminated the pathway after the acquisition of the task. Mice given an injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their striatum were trained to reach an average of a correct response ratio of Ͼ70% on 3 consecutive days. After achievement of this 70% criterion, the mice were injected with IT into the PF, and after 7 d, they underwent the posttreatment training for 2 d and were then tested for the performance of the task. The correct response ratio, correct response time, and omission ratio in each session were counted. The correct response ratio was significantly different between the HiRet-GFP/IT and HiRet-IL-2R␣-GFP/IT groups ( Fig. 6A ; group effect, F (1,20) ϭ 13.0, p Ͻ 0.005; session effect, F (9,180) ϭ 4.49, p Ͻ 0.001; group ϫ session interaction, F (9,180) ϭ 2.75, p Ͻ 0.01, ANOVA with repeated measures), and the ratio was prominently lower in the HiRet-IL-2R␣-GFP vector-injected mice than in the HiRet-GFP vector-injected animals (p Ͻ 0.005, Bonferroni's test). In contrast, the correct response time was not altered between the HiRet-IL-2R␣-GFP and HiRet-GFP vector-injected mice ( Fig.  6B ; group effect, F (1,20) ϭ 1.01, p ϭ 0.33; session effect, F (9,180) ϭ 1.57, p ϭ 0.13; group ϫ session interaction, F (9,180) ϭ 0.67, p ϭ 0.74, ANOVA with repeated measures), and the omission ratio was indistinguishable between these two groups ( Fig. 6C ; group effect, F (1,20) ϭ 0.26, p ϭ 0.62; session effect, F (9,180) ϭ 1.06, p ϭ 0.40; group ϫ session interaction, F (9,180) ϭ 0.97, p ϭ 0.47, ANOVA with repeated measures). These data demonstrate that the elimination of the thalamostriatal pathway disturbed the accuracy of response selection in the execution of cued discrimination, although it did not substantially affect the response time or omission ratio.
The results obtained from the above behavioral studies with two strategies of the visual two-choice reaction time task demonstrated the contribution of the PF-derived thalamostriatal pathway to the control of response selection accuracy in both the acquisition and performance of visual discrimination. In contrast, the results indicated the requirement of the pathway for the regulation of the correct response time in the acquisition of the discrimination task but not in the performance of the task. The temporal difference in the pathway requirement suggests a stage-specific role of the . Locomotion and motor skill learning in mice lacking the PF-derived thalamostriatal pathway. A, Spontaneous locomotion and drug-induced hyperactivity. Mice received a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into the striatum and then were injected bilaterally with IT or PBS into their PF (n ϭ 7 for each group). After monitoring spontaneous locomotion for 1.5 h, the mice were administered METH (4 mg/kg, i.c.), and beam breaks over a 5 min session were enumerated (left graph). The total number of beam breaks in a 30 min test period was calculated to evaluate spontaneous locomotor activity during the pretreatment (sessions Ϫ6 to Ϫ1) and drug-induced locomotor activity after METH treatment (sessions 2-7; right graph). B, Motor skill learning. Mice (n ϭ 8 for each group) were given a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their striatum and then bilaterally injected with IT or PBS into their PF. The mice were trained on the accelerating rotarod, three trials per day, for 3 consecutive days, and the latency to fall was measured during each trial. Figure 5 . Impaired acquisition of visual discrimination in mice lacking the thalamostriatal pathway. Mice (n ϭ 11 or 12 for each group) received a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their dorsolateral striatum, were bilaterally injected with IT or PBS into their PF, and were then tested in the two-choice reaction time task. The mice were presented with two levers and trained to press the lever on the light-illuminated side within 5 s after lever presentation. The correct response ratio (A), correct response time (B), and omission ratio (C) in each session block comprising five continuous sessions are plotted. *p Ͻ 0.05 compared with each of the HiRet-GFP/PBS, HiRet-GFP/IT, and HiRet-IL-2R␣-GFP/PBS groups, Bonferroni's test.
thalamostriatal pathway in the modulation of the response time of learned motor actions.
Pathway ablation does not affect simple lever press and motivation
The response deficits in the visual discrimination task observed in the mice lacking the thalamostriatal pathway may be related to impairments in the simple lever-press response. To check this possibility, we performed a simple reaction time task. In this paradigm, one lever illuminated by the stimulus light was presented, and animals learned to press the lever for the food delivery within a 5 s test period after the initiation of lever presentation. Mice were given an injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their striatum and were then injected with IT into their PF. On day 7 after IT treatment, the mice began the conditioning schedule for the simple reaction time task. A lever press within 5 s was defined as a correct response. When the mice did not press the lever within 5 s, the trial was counted as an omission response. The correct response ratio was the percentage of the number of correct responses divided by the total number of correct and omission responses. The response ratio showed a gradual elevation along with the increasing session numbers, and the values were indistinguishable between the HiRet-IL-2R␣-GFP and HiRet-GFP vector-injected mice (Fig. 7A 1 ; group effect, F (1,14) ϭ 0.35, p ϭ 0.56; session effect, F (4,56) ϭ 31.4, p Ͻ 0.001; group ϫ session interaction, F (4,56) ϭ 0.21, p ϭ 0.93, ANOVA with repeated measures). The correct response time was also unchanged between these two kinds of mouse groups (Fig. 7A 2 ; group effect, F (1,14) ϭ 0.03, p ϭ 0.86; session effect, F (4,56) ϭ 28.1, p Ͻ 0.001; group ϫ session interaction, F (4,56) ϭ 0.40, p ϭ 0.81, ANOVA with repeated measures). Therefore, the deletion of the thalamostriatal pathway did not influence the motor response without a visual discrimination process in the simple reaction time task, excluding the possibility that the deficits in the visual discrimination task caused by thalamostriatal ablation were associated with changes in the simple lever-press response.
In addition, we assessed the motivation of mice by using a progressive ratio task that measures the amount of effort that an animal continues to expend to obtain a reward. In this paradigm, mice were required to make a set number of lever pressings for food delivery. Two lever presses were demanded for the first trial, and the number of lever presses was doubled with each successive trial. The HiRet-IL-2R␣-GFP or HiRet-GFP vector-injected mice were trained sequentially by the fixed ratio 1 and fixed ratio 4 schedules and injected with IT into their PF. After recovering for 7 d, the mice started the progressive ratio task. The total number of lever presses or rewards during the session was comparable between the HiRet-IL-2R␣-GFP and HiRet-GFP vector-injected animals ( Fig. 7B; t (14) ϭ 0.40, p ϭ 0.70 for lever press; t (14) ϭ 0.67, p ϭ 0.51 for reward). These data indicate that motivation of the mice lacking the thalamostriatal pathway was unaltered with respect to this measure, suggesting that the impairments of the formation and execution of visual discrimination did not stem from a changed motivational state in these animals.
Discussion
To investigate the behavioral roles of the thalamostriatal pathway in the striatum-dependent behaviors, we selectively removed the neural pathway arising from the PF and innervating the dorsolateral striatum in mice. The injection of the HiRet vector encoding IL-2R␣-GFP into the dorsolateral striatum induced the transgene expression in the majority of PF neurons innervating the striatum. IT injection into the PF of the HiRet vector-injected mice resulted in a selective, efficient elimination of the thalamostriatal pathway derived from the PF. This elimination impaired the accuracy of response selection and delayed the motor response during the formation of a visual cue-dependent discriminative behavior. When the elimination was induced after the acquisition of discrimination, it also disturbed the response ac- Figure 6 . Altered performance of visual discrimination in mice lacking the thalamostriatal pathway. Mice (n ϭ 10 or 12 for each group) were given a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into the striatum and trained for the two-choice reaction time task. After the achievement of the 70% criterion, the mice were injected with IT into their PF and then tested for the performance of the task. The correct response ratio (A), correct response time (B), and omission ratio (C) in each session are plotted. The values at the pretreatment phase (Pre) are the averages on 3 d before the IT treatment. *p Ͻ 0.005 compared with the HiRet-GFP/IT group, Bonferroni's test. Figure 7 . Simple lever-press response and motivation in animals with deleted thalamostriatal pathway. A, Simple reaction time task. Mice (n ϭ 8 for each group) received a bilateral injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into the dorsolateral striatum and then were injected bilaterally with IT into their PF and tested for the simple reaction time task. The mice were trained to press the lever within a 5 s test period after the initiation of lever presentation. The correct response ratio (A 1 ) and correct response time (A 2 ) in each session are plotted. B, Progressive ratio task. Mice (n ϭ 8 for each group) were given an injection of the HiRet-IL-2R␣-GFP or HiRet-GFP vector into their striatum, treated with IT by injection into their PF, and tested by the progressive ratio program. The total number of lever presses or rewards was counted during the session. curacy in the task performance with no apparent change in the response speed. The elimination did not influence spontaneous and drug-induced locomotion, motor skill learning, simple lever press, or motivational behavior. Together, these results highlight that the thalamostriatal projection derived from the PF plays important roles in the acquisition and execution of discrimination learning in response to a sensory stimulus.
Previous studies with excitotoxic lesions of the rat brain showed that the intralaminar thalamic nuclei are involved in several types of memory and learning paradigms, such as working memory, motor intention, and active avoidance (Burk and Mair, 1998; Massanés-Rotger et al., 1998; Mair et al., 2002) . The dorsolateral and dorsomedial striatum appear to have different functions in these behavioral paradigms that involve the intralaminar thalamic nuclei (Mair et al., 2002) . However, less is known about the behavioral roles of the thalamostriatal pathway originating from a particular intralaminar nuclear group and projecting to a subdivision of the striatum. The data of our present study provide direct evidence for the roles of the PF-derived thalamostriatal pathway innervating the dorsolateral striatum, showing the significance of this pathway in the control of sensory cue-dependent associative learning.
Selective elimination of the PF-derived thalamostriatal pathway did not alter spontaneous and drug-induced locomotion and the learning of motor skills that demand the function of the dorsal striatum (Costall et al., 1976; Coyle and Schwarcz, 1976; Yin et al., 2009 ). These results suggest that the thalamostriatal pathway is not implicated in these striatum-dependent behaviors. In contrast, the formation and maintenance of visual discrimination were susceptible to the ablation of the thalamostriatal pathway. These data suggest that this pathway may relay the information involved in the stimulus-response association by regulating striatal neuronal activity. The CM/PF neurons in monkeys are reported to be activated in response to a sensory stimulus that triggers attention and arousal (Matsumoto et al., 2001; Minamimoto and Kimura, 2002; Kimura et al., 2004) . The thalamostriatal projection innervates two subpopulations of medium-sized spiny neurons constituting the direct and indirect pathways in rodents (Castle et al., 2005; Doig et al., 2010) , whereas the afferents from the monkey CM/PF neurons appear to predominantly innervate the direct pathway neurons (Sidibé and Smith, 1996) . The in vivo stimulation of thalamic neurons elicits excitatory responses of striatal medium spiny neurons (Kocsis et al., 1977; Vandermaelen and Kitai, 1980) , and in vitro electrophysiological analysis of transgenic mice shows that both the direct and indirect pathway neurons respond to thalamic stimulation (Ding et al., 2008) . In addition, the thalamostriatal projection makes synaptic contacts with striatal cholinergic interneurons (Lapper and Bolam, 1992) , and electrical stimulation of thalamic neurons facilitates acetylcholine release in the striatum (Consolo et al., 1996) . The examination of slice recordings shows that activation of thalamostriatal neurons induces a burst of spikes in cholinergic interneurons and thereby suppresses corticostriatal inputs to medium spiny neurons through a presynaptic mechanism (Ding et al., 2010) . Furthermore, the nigrostriatal dopamine neurons projecting to the dorsal striatum subserve the acquisition of conditional discrimination (Robbins et al., 1990) , and these dopamine neurons are activated by a sensory cue that predicts reward (Schultz and Romo, 1990; Ljungberg et al., 1991 Ljungberg et al., , 1992 Kawagoe et al., 2004) . These data suggest that the stimulus-induced activation of thalamostriatal neurons, in conjunction with the corticostriatal or nigrostriatal system, may contribute to a synaptic mechanism by which striatal spiny neurons and cholinergic interneurons undergo plastic changes requisite for the formation of learning.
The elimination of the PF-derived thalamostriatal pathway, when induced after the acquisition of visual discrimination, abolished the response accuracy in the task performance but did not produce any change in the correct response time. The influence on the response time was in contrast to the prolonged motor response observed in the IT-injected animals when they were tested for the acquisition of discrimination learning. This distinction in the response time effect indicates that the thalamostriatal pathway is required for regulating the response time during the development of visual discrimination and suggests that the role of the thalamostriatal pathway, after learning acquisition, may be transferred to other neural systems. Recent studies with functional magnetic resonance imaging indicate that neural activity linked to motor learning undergoes dynamic shifts in some brain regions, including the corticostriatal system, and that these shifts vary depending on the stage of learning (Doyon et al., 2003; Parsons et al., 2005) . Indeed, both in vitro and in vivo electrophysiological studies show the development of long-term plasticity at the corticostriatal synapses (Calabresi et al., 1992; Charpier and Deniau, 1997; Fino et al., 2005; Di Filippo et al., 2009 ). Thus, striatal input pathways from some cortical areas may replace the function of the thalamostriatal pathway to facilitate motor responses after the repetitive training of the task.
We used the HiRet vector to express the receptor for the recombinant IT in neurons through retrograde transport of the vector. The injection of IT into a specific brain region of the HiRet vector-injected animals eliminated selective neural pathways from the complex neural circuitry. This technology for pathway-specific targeting was successfully applied for the study of behavioral roles of the thalamostriatal pathway arising from the PF and projecting to the dorsolateral striatum. By changing the injection sites of the HiRet vector or IT to other ones, we will be able to examine the behavioral roles of other neural pathways. Subsequent applications should be to target the neural pathways originating from other intralaminar nuclear groups projecting to the striatal subdivisions or the corticostriatal inputs derived from different areas in the cerebral cortex. Our technology will provide a general, powerful strategy to investigate not only the exact roles of specific neural pathways constituting the neural circuitry but also the mechanisms underlying a wide range of brain functions on the basis of the decoding of the neural network.
